Purpose: To identify the pathophysiological changes produced by contact lens wear that predispose the cornea to infection and search for prospective modifiable risk factors that could reduce the incidence of this critical complication in millions of patients worldwide.
O ver the past 40 years, contact lenses have gained increasing popularity for the correction of refractive errors of the eye. At this time, about 140 million patients wear contact lenses worldwide, with some 38 million exposed to the device in the United States and a similar 10%-12% of the population of Great Britain. Importantly, for several decades, contact lens use has continued to grow at a variable annual rate of 5%-15%; thus, sight-threatening complications, although uncommon, adversely afflict significantly increased numbers of patients each year (Richard Weisbarth, oral personal communication, Dec. 2009). If, as recent epidemiological studies continue to confirm, the rates of lens-related microbial keratitis of 1 per 2500 persons per year and 1 per 500 per persons per year in daily and overnight wear, respectively, then there will be increasing tens of thousands of new lens wearers at risk worldwide every year. [1] [2] [3] [4] Given this challenge, it is critical to identify the biological mechanisms that predispose the cornea to infection with lens use and search for modifiable risks that could reduce this sight-threatening complication. The purpose of this Castroviejo Lecture is to review significant clinical and basic science publications and ongoing studies to achieve the safest possible contact lens wear.
CONTACT LENS-RELATED MICROBIAL KERATITIS
Lens-related corneal infection has been and remains the major sight-threatening complication of contact lens use. All major epidemiological studies have consistently shown that the most predominant pathogen is Pseudomonas aeruginosa (PA). [1] [2] [3] [4] [5] To establish infection, however, PA must first ''stick'' to the corneal epithelial surface. Without attachment, infection cannot occur. Adhesion is mediated by specific molecular receptors expressed on the outer plasma cell membrane: lipopolysaccharide (endotoxin), asialoganglioside-GM1, Nacetylmannosamine, and sialic acid. [6] [7] [8] [9] [10] [11] Upregulation of these lectin surface receptors is associated with increased ability of PA to bind to a cornea exposed to contact lens wear; [12] [13] [14] [15] [16] [17] [18] [19] thus, such lens-related upregulation of binding receptors should be a prospective quantitative outcome measure predictive of increased risk for clinical infection. It is critical to understand, however, that lens-induced increases in PA adherence to the corneal epithelium can be driven by many independent but highly interactive factors such as lens oxygen transmission, lens type [rigid gas permeable (RGP) vs. soft], lens polymer (hydrogel, silicone hydrogel), wearing schedule (daily, occasional overnight use, extended wear), lens fit (alignment vs. orthokeratology), and the potential adverse effects of lens care solutions on corneal epithelial cells and on the integrity of ZO-1-mediated tight cell-to-cell corneal surface junctions (TJ). [20] [21] [22] The prevention of microbial keratitis is thus a zero damage game ( Fig. 1) , where ideally none of these interactive components alone or in combination over decades of wear should alter the corneal epithelium to enhance PA surface adhesion or promote intercellular invasion through breakdown of TJ surface barriers. Unfortunately, the use of daily disposable soft contact lenses has consistently failed to show an overall reduction in risk for PA lens-related infection over the past 2 decades. There is also a second pathophysiological pathway that is as yet unappreciated by most clinicians. 23 Notably, PA has recently been shown to invade the corneal epithelium intracellularly through lipid raft-mediated endocytosis during contact lens wear. [24] [25] [26] [27] Lipid rafts are aggregated cholesteroland glycophospholipid (GM-1)-enriched domains in the corneal epithelial cell plasma membrane that form and transport PA to the cell interior. Rafts can be stained with fluorescently labeled antibodies to the beta subunit of cholera toxin and imaged dynamically in vitro and in vivo by laser scanning confocal microscopy. 24, 25 Monolayer or airlifted cultures of human corneal epithelial cells readily demonstrate raft-mediated PA invasion. Importantly, however, in vivo rabbit model studies 26 reveal that (1) there are no rafts present in the living corneal epithelium, and none are inducible by exposure alone to differing stains of invasive PA in high concentration (10 9 ); (2) by contrast, wear of a rigid test contact lens that induces hypoxia causes rafts to form with subsequent PA internalization restricted to the midperipheral and central corneal epithelium (Fig. 2) . No rafts or internalization are seen in the paralimbal, limbal, or conjunctival epithelium, even though positive staining is present for beta subunit of cholera toxin, indicating a potential for this process. 26 (Fig. 3 ) The message here is clear: the normal cornea can be exposed to high numbers of invasive PA without attachment or invasion; the presence of a lens with low oxygen transmission is required to initiate the potential pathogenesis of intracellular PA infection through rafts.
The importance of the recognition of this intracellular pathway to corneal invasion is that it can easily be prevented by both in vitro and in vivo use of nontoxic beta cyclo-methyl dextrins (statins) or topical filipin (anticholesterol drugs), [24] [25] [26] [27] thus offering a new paradigm both for the treatment of established PA corneal infection or for the possible prevention of the same. For example, future case-control studies of contact lens-related PA infection should investigate a potential risk reduction in contact lens patients routinely using concomitant daily statins (Lipitor, Mevacor, Zocor, and so on) to lower serum cholesterol. Furthermore, because commonly used antimicrobial agents such as aminoglycosides cannot penetrate intracellularly, concomitant treatment with suitable fluoroquinolones that can kill intracellular PA in susceptible strains is also required to eradicate established corneal infection.
RELATIONSHIP AMONG LENS OXYGEN TRANSMISSION, LENS TYPE, AND ENHANCED PA BINDING

In Vivo Rabbit Studies
Using the rabbit model, Imayasu et al 28 examined the effects of 24 hours of rigid, hydrogel, silicone hydrogel, or silicone lens wear in the corneal epithelium. Lens-induced surface cell damage was assessed by in vivo confocal microscopy and correlated with PA binding to the entire corneal epithelium by the colony-forming unit method. 28 The results are summarized in Figure 4 . Findings from this work demonstrated that at the same oxygen transmission level, RGP lenses produce significantly more epithelial surface damage but manifest significantly less PA binding than soft lenses with a ''stagnant'' posterior lens tear volume. This provided for the first time a strong biological rationale for why rigid lens wear (daily or extended) has always been found to manifest a lower clinical relative risk for microbial keratitis (1-2 per 10,000 users) than soft lenses. [1] [2] [3] [4] Thus, even as lens oxygen transmission levels are increased to higher levels associated with decreased induced surface damage, 28 the hypothesis of less lens damage, less PA binding, and less risk for infection should continue to favor the RGP lens in future clinical epidemiological studies.
In Vivo Human Studies
In a series of recent articles, Ren et al 14, [16] [17] [18] have established an important correlation between PA binding to corneal surface cells exfoliated by gentle washing from the contact lens-exposed cornea ( Fig. 5 ) and total corneal epithelial PA binding as measured by colony-forming unit analysis (P , 0.01). 14, 17, 29 This finding opened the way to noninvasive measurement of PA binding to the human cornea in clinical trials with differing test lens types, polymers, associated lens care solutions, and modalities of fit and wearing time. In a prospective, randomized, double-masked, single center clinical trial, Ren et al 14 also established the now classic finding that lens oxygen transmission parameters directly regulate PA binding (P , 0.0001; R = 0.392; power = 0.985) ( Fig. 6 ). Thus, if all other interactive causes of increasing PA binding were neutralized, a new generation of hyper-oxygen transmitting RGP and silicone hydrogel lenses could potentially demonstrate an overall less risk for lensassociated microbial keratitis.
In placing into clinical perspective the effects of lens oxygen, it is also critical to note a companion study by Ren et al, 16 which demonstrated that even when the cornea is swollen by 7% in human volunteers wearing eye goggles under anoxic conditions (100% nitrogen or 95% nitrogen, and 5% CO 2 ) for 6 hours, exfoliated corneal surface epithelial cells did not exhibit increased PA binding but did exfoliate at a decreased rate. Thus, as with raft formation, hypoxia alone is not sufficient to increase PA binding, the presence of a lens is required. Open eye hypoxia alone, however, is sufficient to reduce surface cell desquamation.
EFFECTS OF LENS WEAR ON CORNEAL EPITHELIAL HOMEOSTASIS
The importance of preventing initial adherence of PA to surface corneal cells is heightened by the consistent clinical observations that all lens wear of any lens type or duration shuts down normal apoptotic-driven central surface cell exfoliation, gradually increasing the size of the ''retained'' cells and resulting in a centrally thinned epithelial layer. [13] [14] [15] Parallel animal studies in the rabbit confirm these effects and also demonstrate a significant reduction in basal epithelial mitosis and a slowing of vertical differentiation. [30] [31] [32] [33] [34] These effects seem to be mediated by lens-induced retention of the nuclear regulatory oncogene Bcl2 in nonphosphorylated form; interestingly, the reduced shedding effect is seen with both daily and extended wear and also seems to be independent of lens oxygen transmission. [35] [36] [37] Overall lens wear thus creates a ''stagnant'' corneal surface, which cannot spontaneously exfoliate a cell with adherent PA; thus, all lens wear of any duration or lens type reduces corneal defenses against PA invasion by prevention of normal host sloughing of infected cells. 
In Vitro Studies
Effects of multipurpose lens care solutions (MPS) on cultured corneal epithelial cells have been studied by several authors in different test cell lines. 20, 21, 38 Recent studies by Imayasu et al 20 revealed that some test solutions, especially those containing borate buffers, induced breakdown of TJs as measured by decreased ZO-1 staining, electron microscopy, and increased PA adhesion specifically targeting ''unzippered'' open junctions as well as overall decreased electrical monolayer resistance ( Table 1 ). Increased PA adhesion was quantitated by direct PA binding counting and polymerase chain reaction analysis 21 (Fig. 7) . Identical changes in MPSinduced breakdown of TJs were also seen by Yanai et al 22 when lipopolysaccharide (endotoxin) alone was added to the same cultured human corneal epithelial cell line or by direct hypoxic challenge to cultured cells. In contrast, Lim et al have recently reported lesser toxic effects of MPS on TJ integrity in monolayer cell culture using an alternative cell line with decreased or no toxic effects seen in multilayered airlifted constructs. 39 This latter study however did not confirm a normal, differentiated, multilayered corneal phenotype by staining with corneal epithelial-specific cytokeratin markers and reported findings that differ significantly from other recent reports. [20] [21] [22] 38 Taken together, the obvious demonstration of increased PA binding with invasion of broken TJs in vitro produced by many MPS suggests an urgent need for correlative data from human studies (Fig. 8 ).
In Vivo Human Studies of MPS Effects on PA Binding-No Lens
Li et al 40 performed a prospective, randomized, doublemasked, single center, crossover clinical trial examining the effects of several commercial MPS products on surface cell desquamation rates and PA binding to exfoliated cells (Tables  2, 3 ). Results shown in Figures 9 and 10 show that all solutions tested not only elevated PA binding (P , 0.02) but also decreased surface cell exfoliation rates (P , 0.004). Taken together, these effects are the same as those produced by human 14 or rabbit 28 wear of a low-oxygen transmissible soft contact lens using preserved lens care solutions (Renu Multiplus).
Another potential explanation for MPS-driven increases in PA binding to corneal epithelial cells in vitro is the recent intriguing finding of Imayasu et al that 3 MPS containing boric acid significantly reduced gene activation of corneal mucins (MUC1, MUC4, and MUC16) and also reduced specific expression of MUC16 (Imayasu M, IOVS, 2010, 50, ARVO E-abstract 1525). These preliminary results suggest the possibility that prolonged use of MPS containing boric acid by soft lens wearers may produce decreased expression of ocular surface mucins, leading to increased PA binding and associated risk of microbial infection. Further studies are clearly needed to confirm and extend these novel findings.
As a result of these studies, the next important question is whether MPS have effect(s) on lens-related PA binding in human clinical trials.
MPS EFFECTS ON PA BINDING IN CLINICAL TRIALS WITH VARYING LENSES AND WEARING SCHEDULES
Two prospective, randomized, 13-month, single center, double-masked, parallel treatment group clinical trials have been carried out at UT Southwestern Medical Center using identical protocols except for associated lens care solutions: Renu Multiplus 14,15 versus Clear Care (preservative-free peroxide). 19 The comparative results are compelling. Using the preserved MPS (shown to open TJs and increase PA binding) ( Fig. 8) , 20, 21 the first month of daily wear was associated with a significant rise in PA binding for both the test hydrogel (Acuvue II) and silicone hydrogel (Pure Vision) soft lenses but not for the test RGP lens (Menicon Z) that used nonpreserved sterile saline; 14, 15 by contrast, when nonpreserved Clear Care (peroxide) was used, no rise in PA binding was seen in daily wear by any test silicone hydrogel lens over 1 year 19 (Fig. 11 ). 14, 15 These results are clinically significant because half to two-thirds of all lens-related PA infections occur in daily wear. [1] [2] [3] [4] The results seen in extended wear (6 vs. 30 nights for Purevision, 30 nights for RGP extended wear, and 6-night wear of Acuvue II) using Renu Multiplus are shown in Figure  12 . There is a significant rise in PA binding seen over the first 3 months of wear for both test soft lenses (greater as expected for the lower oxygen transmissible lens, Acuvue II) with a slow decline to baseline at 6 months, versus no elevation of PA binding seen over 13 months of wear of the RGP lens (1month daily wear, 30 night, 12-month extended wear) using nonpreserved saline care solution. 14 Significantly, the results shown for extended wear of a variety of hyper-oxygen transmitting silicone hydrogel lenses using nonpreserved Clear Care (hydrogen peroxide) solution also showed no rise in PA binding in either 6 or 30 nights wear over 1 year (Fig. 13) .
Importantly, the results of the 1-year clinical trial by Ren et al 14 using Renu MPS was the first to show adaptive effects of lens wear by the corneal epithelium. Quantitative masked findings showed increased PA binding during the first 3 months for both the hyper-and high-oxygen transmissible test soft lenses, with a gradual return to baseline by 6-12 months (P , 0.05). Similar adaptive effects were seen over 12 months for central corneal epithelial thickness, superficial cell area, and epithelial surface cell exfoliation (data not shown). 14 Initially, the corneal epithelium showed central thinning, enlargement of surface cell area, and the expected decrease in surface cell exfoliation (P , 0.05). Subsequently, epithelial central thickness and cell shedding rates showed partial adaptive recovery but not surface cell size. 14 Based on our hypothesis that increases in PA binding to the epithelium induced by contact lens wear at the cellular level should be a surrogate predictor for risk for clinical infectious keratitis as seen in parallel epidemiological studies, the Ren et al 14 [1] [2] [3] [4] Taken together with supporting results from previous parallel animal studies, 18, 28 the clinical data for the first time provided a biological rationale for the longknown relative risk hierarchy for lens-related infectious keratitis. Unfortunately, ignoring potential confounding MPS effects on PA binding with possible resulting increasing risk, the results were optimistically interpreted at that time to hope that widespread clinical introduction of a new generation of hyper-oxygen transmissible lenses (RGP, silicone hydrogel) might have the potential to lower overall rates of lens-related microbial keratitis. 14 
EPIDEMIOLOGY STUDIES
Recently, Stapleton et al 1 have comprehensively reassessed the absolute risk of contact lens microbial keratitis, the incidence of vision loss, and risk factors for disease in a robust, prospective, 12-month, population-based surveillance study in Australia. Disappointingly, the overall incidence rates for microbial keratitis with soft contact lenses remained similar to those previously reported [2] [3] [4] ; however, the majority of wearers surveyed in Australia used preserved MPS with lens wear. Importantly, however, this study also included a multivariable risk analysis for all presumed keratitis in extended wear for (1) age, (2) sex, (3) lens material, (4) nights of continuous wear, (5) socioeconomic class of wearers, and (6) for the first time assessed risks for lens wear (greater or less than 6 months use). Validating the Ren et al 14 prediction, the largest single increased risk factor of all variables analyzed in either daily or extended wear was less than 6 months of lens wear (odds ratio [OR] = 4.42; 95% confidence interval [CI] 1.31-14.92; P = 0.016). The study also validated the Ren et al 14 prediction that 30-night extended wear of soft contact lenses versus 6-night wearing schedules posed no increased risk for microbial keratitis (P = 0.139). Taken together, these results provide strong confirmation for the use of changes (increased, decreased) in PA binding produced by lens wear as a maskable, quantitative, noninvasive outcome measure in clinical trials that is predictive for subsequent results of large population studies of risks for microbial keratitis. Specifically, elimination of adverse surface epithelial effects and TJ breakdown caused by use of preserved MPS should lower overall risks. The flat PA binding curves over 1 year with peroxide, seen in both daily and extended wear of silicone hydrogel hyper-oxygen transmissible lenses, are identical to those seen in nonpreserved care solution use in 30-night extended wear of hyper-oxygen transmissible RGP lenses worn for 1 year, which manifest the lowest rate of daily wear infection (1.1 per 10,000). [1] [2] [3] [4] Comparative results of the second 1-year clinical trial by Robertson et al in 2008, 19 using a nonpreserved care solution (Clear Care, hydrogen peroxide) but an investigational protocol otherwise the same as Ren et al 14 who used MPS (Renu Multiplus), supply important support for this concept and predict that when nonpreserved care solutions are used, the risk for microbial keratitis may become similar for both daily and de novo extended soft lens wear.
In support of verifying these new predictions, Stapleton has most recently reanalyzed prior epidemiological data from the United Kingdom where the overall penetrance of peroxide use among lens wearers was 14% and has found that combining 1-and 2-step solution data showed a decreased relative risk for all microbial keratitis with peroxide use of about 2.5 times (95% CI = 0.22-0.75; OR = 41; referent P , 0.004) and also for severe infections (90% CI = 0.19-0.91; OR = 0.41; referent P , 0.028) (Fiona Stapleton, PhD, personal communication, November 22, 2009 ). These preliminary but supportive univariate analysis results make a strong and urgent case for multivariate case-control studies that can further validate these findings and that could significantly reduce the risk for lens-related corneal infection worldwide.
A final important factor in deciding which lens care solutions to recommend to patients to minimize lens-related corneal infection is the important associated question of lens care solution-related increased risk for causing amoebic keratitis. Because of the ongoing lack of any current US Food and Drugs Administration testing standards for amoeba disinfection of contact lenses (which remain the most common cause of that rare but devastating infection), results of a recent study by Johnson et al 41 from the Communicable Diseases Center in Atlanta, GA, show that ''the data generated with A castellani, polyphagia, and hachetti (genotype 4) isolated from the recent outbreak 42 . suggest that only the two commercial contact lens solutions containing hydrogen peroxide. showed disinfecting ability against amoebic cysts.'' 40, 41 Taken together then the currently available paradigm to achieve the safest soft contact lens wear for all patients for the prevention of lensrelated corneal microbial infection (amoeba or Pseudomonas) is the convergent clinical use of nonpreserved hydrogen peroxide care solutions with lenses of the highest possible oxygen transmission, recognizing that the RGP lens type will continue to manifest the lowest possible relative risk compared with soft lenses.
SUMMARY
In summary, how then does the cornea withstand the risk of infection while wearing a foreign body, (contact lens) for varying intervals over many decades with use of solutions that can independently cause surface damage? Two effects of all lens wear seem physiologically nonnegotiable: (1) all lensmediated reduction of surface cell apoptosis and (2) the stagnant tear lake under soft lenses that even with lenses of the highest oxygen transmission and no preserved care solution use cause higher PA binding per unit area of cornea in a thin, stagnant, posterior lens tear film than the surface mechanical effects of their freely movable rigid counterparts. 28 The best strategy to minimize future prospective risk seems to be to exploit the paradigm of ''no lens induced microbial binding . no infection'' applying this test independently and comprehensively to lens type, wearing A Search for the Perfect Contact Lens schedules, lens polymers, fit, lens oxygen transmission, and commercial care solutions. The goal is to have all contact lens wear produce no increases in PA or other microbial binding to exfoliated surface epithelial cells versus non-lens wearing controls. The current best way to achieve this is clearly a hyper-oxygen transmissible RGP lens cleaned and then rinsed with sterile preservative-free saline. Unfortunately, approximately 85%-90% of patients prefer the comfort of soft contact lenses and hence will continue to accept increased risk for lens-related microbial keratitis. Results seen in the recent study by Robertson et al 19 however predict that there should be a good possibility that infection rates in the soft lens wear risk group can finally be reduced overall if hyper-oxygen transmissible hydrogel or silicone hydrogel soft lenses are used in association with nonpreserved (hydrogen peroxide) care solutions. This prediction is testable, and robust, multivariate, case-control studies are urgently needed. Likewise, the only commercially available care solutions that have amoebic cysticidal actively are also those with hydrogen peroxide. The convergent take home message is then hyper-oxygen transmissible soft lenses used with hydrogen peroxide care solutions should currently be preferentially recommended by clinicians to our patients for any modality of lens wear.
